Abstract. Sudden impulses (SI) in the tail lobe magnetic field associated with solar wind pressure enhancements are investigated using measurements from Cluster. The magnetic field components during the SIs change in a manner consistent with the assumption that an antisunward moving lateral pressure enhancement compresses the magnetotail axisymmetrically. We found that the maximum variance SI unit vectors were nearly aligned with the associated interplanetary shock normals. For two of the tail lobe SI events during which Cluster was located close to the tail boundary, Cluster observed the inward moving magnetopause. During both events, the spacecraft location changed from the lobe to the magnetospheric boundary layer. During the event on 6 November 2001 the magnetopause was compressed past Cluster. We applied the 2-D Cartesian model developed by Collier et al. (1998) in which a vacuum uniform tail lobe magnetic field is compressed by a step-like pressure increase. The model underestimates the compression of the magnetic field, but it fits the magnetic field maximum variance component well. For events for which we could determine the shock normal orientation, the differences between the observed and calculated shock propagation times from the location of WIND/Geotail to the location of Cluster were small. The propagation speeds of the SIs between the Cluster spacecraft were comparable to the solar wind speed. Our results suggest that the observed tail lobe SIs are due to lateral increases in solar wind dynamic pressure outside the magnetotail boundary.
Introduction
The impact of an interplanetary shock causes global changes in the magnetosphere. Solar wind pressure increases across the shock, pushing the magnetopause inward. As a consequence, there are changes in magnetospheric and ionospheric current systems (e.g. Chapman-Ferraro, Region 1 and crosstail currents). An impulsive compression of the subsolar magnetopause launches a hydromagnetic wave that propagates in about one minute to the ionosphere. Low-latitude magnetograms record rapid perturbations called sudden impulses (SI), or storm sudden commencements (SSC) if a geomagnetic storm follows, see (Araki, 1977; Smith et al., 1986; Araki, 1994; Lee and Hudson, 2001) . Especially for the southward interplanetary magnetic field (IMF), pressure pulses cause almost immediate and global enhancements in ionospheric currents and auroral precipitation, see (Zhou and Tsurutani, 1999; Zesta et al., 2000; Boudouridis et al., 2003; Meurant et al., 2003) . In the tail lobes, sudden increases in the magnetic field have been observed on time scales from a few to ten minutes, see (Sugiura et al., 1968; Kawano et al., 1992; Collier et al., 1998; Kim et al., 2004) .
Two mechanisms have been suggested as the cause of the tail lobe SIs: 1) The transfer of magnetic flux from the dayside to the tail by magnetohydrodynamic (MHD) waves resulting from the sudden enhancement of solar wind pressure on the front of the magnetosphere (Sugiura et al., 1968) ; 2) Compression of the magnetotail by magnetosheath pressure increases, see (Kawano et al., 1992; Collier et al., 1998) . In the first scenario the disturbance propagates at the Alfvén speed. The latter mechanism assumes that the magnetotail remains in equilibrium as a solar wind pressure enhancement moves antisunward, compressing its radius axisymmetrically (Fig. 1) . The pressure balance equation between the tail lobe and solar wind pressures can be expressed as (Slavin et al., 1983) : 
where T SW is the sum of the solar wind electron and proton temperatures, and P SW dyn (=n SW mv 2 SW ), B SW , n SW are solar wind dynamic pressure, magnetic field and ion density. The plasma pressure in the lobe has been assumed negligible. The parameter K is a "drag coefficient", a measure of how efficiently solar wind particles transfer momentum to the magnetopause. Spreiter et al. (1966) determined that a value of 0.881 describes the pressure exerted by a hypersonic flow around the magnetopause. In Eq. (1) above, α is the flaring angle, i.e. the angle between the solar wind flow and the tail boundary. At the distances 10-20 R E downtail from the Earth, the flaring angle varies from 17 • to 30 • , depending on the solar wind dynamic pressure (Nakai et al., 1991) . Since the Cluster events we considered were located in the nearEarth tail (∼10-19 R E ), the tail flaring was significant and the tail compression was caused mainly by increased P SW dyn . What is actually relevant for magnetopause compression is the pressure profile in the magnetosheath. However, as discussed in Collier et al. (1998) , the pressure discontinuities in the solar wind are transmitted through the bow shock to form similar structures in the magnetosheath.
The previous studies, except Kim et al. (2004) , have used data from only a single spacecraft. The multi-spacecraft Cluster mission allows us to calculate the propagation speed of the disturbance between the four Cluster spacecraft and also, if crossed, the propagation speed of the magnetopause. Furthermore, Cluster plasma data provide details of the tail compression, e.g. the motion of the magnetopause towards Cluster. The two tail lobe SIs studied in detail by Collier et al. (1998) were relatively weak, with the magnetic field increases 4.2 and 3 nT (from 15 and 10 nT, respectively) in response to small increases in the solar wind dynamic pressure. The SI events investigated in this study are associated with strong interplanetary shocks or substantial enhancements in the solar wind dynamic pressure and consequently much larger increases in the lobe magnetic field magnitude. Upstream solar wind coverage by ACE, WIND, and Geotail allowed us to calculate the shock normal orientation and the shock speed and to perform reliable timing analyses. In Sect. 2 we describe the properties of the interplanetary shocks and the associated tail lobe SI events. In Sect. 3 we present the Collier et al. (1998) model and the results of the least-squares fittings of this model to the magnetic field data. In Sect. 4 we present the results of the timing analysis and in Sect. 5 we discuss events during which the Cluster location changed from the lobe to the magnetospheric boundary layer/magnetosheath. Finally, in Sect. 6 we summarize and discuss the significance of our results.
Event description

Event selection
Cluster is composed of four spacecraft: Rumba (C1), Salsa (C2), Samba (C3) and Tango (C4). The first pair of Cluster satellites (Salsa and Samba) were launched on 16 July 2000 and the second pair (Rumba and Tango) on 9 August 2000. We have investigated two time periods covering JulyNovember 2001 and July-November 2002. These time intervals were selected because the Cluster apogee was beyond −10 R E . We also checked the data for the July−November 2003, but did not find any interplanetary shocks while Cluster was in the tail lobe with data available. Furthermore, during 2003 the separation of Cluster satellites was too small (∼500 km) to take full advantage of the multi-spacecraft observations. In late 2001 the separation between the spacecraft at the apogee was ∼0.1-0.3 R E and increased to ∼1-3 R E late in 2002. In this study we have used data from the show magnetic field intensity, the IMF Z component in GSM coordinate system, plasma speed, dynamic pressure and proton temperature. The shock was associated with a tail lobe SI observed by Cluster at 11:07 UT at a distance X=−18.3 R E downtail.
FGM (Fluxgate Magnetometer), PEACE (Plasma Electron
And Current Experiment) and CIS (Cluster Ion Spectrometer) instruments. For the magnetic field we used both 4-s and high resolution data.
We used data from ACE, WIND and Geotail to identify and investigate shocks in the solar wind, together with the ACE interplanetary shock list at: http://www.bartol.udel.edu/ ∼ chuck/ace/ACElists/obs list.html+. The investigated period occured during solar maximum, so interplanetary shocks were frequently observed near 1 AU. For each shock we checked whether Cluster was located in the tail lobe or in the plasma sheet boundary layer (PSBL) ∼10 R E or further down the tail. The tail lobes are characterized by high and steady magnetic field strength (∼20 nT), large negative (south lobe) or positive (north lobe) magnetic field X components, lower ion densities and temperatures than observed in the magnetosheath or in the plasma sheet, and low plasma betas (less than 0.1). All interplanetary shocks which occurred while Cluster was positioned as described above were related to tail lobe SIs. In total, we found 10 events.
Interplanetary shocks
The interplanetary shocks associated with the tail lobe SIs are listed in Table 1 . The time of the shock is given as observed at ACE and determined from the 16-s resolution magnetic field data. For each shock the shock normal orientation, n sh , was estimated using the nonlinear least squares fitting technique of the Rankine-Hugoniot jump conditions by Szabo (1994 Fig. 3 . Cluster FGM and CIS (from C1 and C3) observations for the tail lobe SI event observed on 17 August 2001 over a 1-h interval. Panels show magnetic field components in the GSM coordinate system, the magnetic field intensity, plasma beta, and the components of the velocity. two events in the study because they were associated with substantial and rapid solar wind pressure increases and tail lobe SIs. The variations in solar wind parameters across the shocks were calculated using 20-min averaged data upstream (u) and downstream (d) of the shock. (Echer et al., 2003) . The change in the solar wind speed across the shock exceeded 100 km/s −1 for all of the other events except for 25 July 2002. The increases in the magnetic field magnitude and dynamic pressure were also substantial. , the total amount of the change in B x (the percentage of the B 0 shown in parenthesis), the amplitude of the change in GSM B y and B z , the start time (T S ) and the duration of the SI, the direction of the maximum variance vectorê x * in GSM, the eigenvalue ratio (λ * y /λ * z ), and the C3 location in GSM. Fig. 2 are presented in Fig. 3 for a 1-h period. At the time of the SI Cluster was located in the northern tail lobe at the GSM-position (X, Y , Z)=(−18.32, −4.29, 4.33) R E approaching the plasma sheet. The tail lobe is identified from the steady and large GSM magnetic field X component and small plasma beta. The plasma beta decreases as the magnetic field magnitude increases during the compression. Figure 4 presents magnetic field data for the 12-min interval around the same SI event. B x increased smoothly from 22.5 nT to about 40.5 nT. The rise time between the asymptotic values was about 7 min and the most rapid increase occurred in 3-4 min. B y exhibited a small, positive deflection with the amplitude of +4.5 nT as B x made its transition. The B z component increased slowly from 2 to 4 nT. Figure 5a shows a schematic description of the expected changes in the magnetic field components during a step-like compression in the north lobe in the XY plane.
The B x increase is illustrated by the converging field lines. When the spacecraft is located in the northern dawn lobe (negative Y -coordinate) the direction of the B y deflection is positive and when located in the northern dusk lobe (positive Y -coordinate) the deflection is negative.
Similarly, for other SI events the increase in the magnetic field magnitude was primarily due to the increase in B x (north lobe) or due to the decrease in the initially negative B x (south lobe). All SIs, except the one on 25 July 2002, which was associated with the weakest shock in this study, had an increase larger than 10 nT in the magnetic field magnitude (about 45% or more of the initial value). The durations of the SI events ranged between ∼3-10 min, although most of the magnetic field increase occurred in a shorter time interval. For the 6 November 2001 event the largest change occurred in B z . Before the compression Cluster was located close to the magnetotail boundary near the plasma sheet. The magnetopause was compressed beyond Cluster during this event.
In order to examine the magnetic field rotation in more detail we applied the minimum variance analysis (MVA) (Sonnerup and Cahill, 1967) to the Cluster magnetic field data for each SI event. B * x , B * y and B * z denote the magnetic field components in the directions of maximum, intermediate and minimum variance. Figure 6 shows the hodograms of the SI magnetic field vector in the plane of maximum variance and in the plane of minimum variance for the 17 August 2001 event. The maximum variance eigenvector,ê * x =(0.99, 0.01, 0.13), was almost exactly aligned with the GSM X-axis and the intermediate variance eigenvectorê * y =(0.02, 0.97, −0.24) almost parallel to the GSM Y -direction. The large ratio of the intermediate eigenvalue (λ * y ) to the minimum eigenvalue (λ * z ) indicates that the eigenvectors are well-defined. The statistical study of 43 tail lobe SIs by Kawano et al. (1992) demonstrated that the field rotation is mainly in theê * xê * y plane, consistent with the assumption that tail lobe SIs are caused by the constriction in the tail radius. The hodograms show that the projection of the magnetic field into the plane of maximum variance rotates smoothly. The rotation is confined to one plane, as B * z stays almost constant. For all nine SI events investigated using MVA (excluding the 6 November 2001 event) the similar smooth rotation of the magnetic field was observed in one plane. Note that when the magnetotail is not deflected during the compression, the initial and final directions of the magnetic field vector are the same (Fig. 5) . The eigenvectors are all well-defined except for the 29 September 2001 and 18 August 2001 SI events. During these two events, Cluster was located near the plasma sheet which caused irregular magnetic field behavior.
The left panel of Fig. 7 shows that the obtained SI maximum variance vectors were roughly parallel with the Xaxis and almost parallel with the associated shock normal directions when projected on the GSM XZ-plane. Perhaps the post-shock solar wind flow has deflected the magnetotail parallel to itself. The right panel of Fig. 7 shows that the intermediate unit vectors are aligned with the GSM Y -axis near the XY-plane, and the vectors turn more aligned with the GSM Z-axis when the distance from the XY plane increases. Figure 8a shows the comparison between the changes in the solar wind dynamic pressure at ACE ( P SW dyn ) and the amplitude of the tail lobe SI event at Cluster ( B lobe ). The linear correlation coefficient is 0.73 which indicates that the large changes in solar wind dynamic pressure cause the largest tail lobe SI events.
Correlation between shock properties and tail lobe SIs
The theoretical relationship between B lobe and P SW dyn can be calculated from Eq. (1):
If the subsolar magnetopause distance and the asymptotic tail radius change by the same fraction during the compression then the tail flaring remains constant. The subsolar standoff distance varies as (P SW dyn ) −1/6 and the asymptotic tail radius as the (P SW S ) −1/4 , where P SW S is the solar wind static pressure (2n SW k b T SW +B 2 SW /2µ 0 ). Based on these dependencies Collier et al. (1998) introduced a parameter S as the measure of the degree of self-similarity in the magnetopause shape:
If the tail radius is compressed more than the subsolar point, then the tail flaring decreases. When the subsolar point is compressed more than the tail radius, then the tail flaring increases. The dashed line in Fig. 8a shows the relationship from Eq. (2) using a constant value of 17 • for α which predicts too large increase in the tail lobe magnetic field. We calculated the values of S for each event across the shock using the 64-s averaged magnetic field and plasma data from ACE. Figure 9 shows the solar wind dynamic pressure, the static pressure and S for the 17 August 2001 shock. S decreases across the shock, suggesting that the tail flaring decreases. For all events a similar, clear decrease in the S parameter was observed. The relationship between P SW dyn and B in Fig. 8a is better described by assuming a decrease in flaring angle α (5 • for the solid curve) than assuming constant flaring. Figure 8b presents the comparison between the shock/solar wind speed and the duration of eight tail lobe SIs. The 25 October 2001 event was excluded because during the magnetic field increase Cluster moved from the lobe to the magnetospheric boundary layer (see Sect. 5). The transition scale length is shorter closer to the tail boundary than near the axis (Fig. 5a) . The events observed when Cluster was located more than 10 R E from the X-axis are shown by circles. Figure 8b shows rather weak anticorrelation (correlation coefficient -0.62). compression, can accurately describe the magnetic field profile and characteristic time scales for tail lobe SIs. We have applied this "tail compression" (TC) model to our SI events. We briefly summarize the model here. The tail lobe is described by a vacuum (motivated by the very low density in the lobes), current-free asymptotically constant magnetic field constrained between two walls (see Fig. 5 ). The Alfvén speed is assumed infinite, and the magnetotail remains in equilibrium as the pressure enhancement propagates downtail. The X-axis is aligned with the tail axis and the Y -axis is transverse to the tail axis. The increase in the solar wind dynamic pressure decreases the tail width from R to R 2 =R− R, where 1. The lobe field increases from B 0 to B 0 (1+ ) when flux conservation through a 1-D surface is assumed. Changes in the X and Y components of the magnetic fields are:
B x makes a quick transition between the asymptotic states while B y exhibits a positive or negative deflection. As illustrated in Fig. 5a the direction of the B y deflection depends on the position of Cluster in the magnetosphere. Table 2 shows that the directions of the B y deflections were as expected based on the spacecraft location at that time. The peak of the B y transition occurs at the time of the mid-point of the B x transition (at x=0). At the tail axis (y/R=0) B y remains unchanged and the amplitude of the deflection increases when the boundary is approach. The model is also applicable to other planes as well. Far from the XY-plane the deflection is seen mainly in the Z component. As demonstrated by Fig. 5b the direction of the B z deflection is always negative. Figure 10 shows Cluster magnetic field measurements on 17 September 2002 when Cluster was located much closer to the magnetopause in the GSM Z-direction than in the GSM Y -direction. The amplitude of the B y and B z deflections are measured from the unperturbed value before the SI compression to the peak of the deflection. For this event the deflection in B z is clearly larger (| B z |=9 nT) than the deflection in B y (| B y |=1.5 nT). Table 2 shows that the amplitude of the B y deflection was larger than the amplitude of the B z deflection when Cluster had comparable GSM Y and Z positions (i.e. events 1, 3, 7 and 9). At the time of the SI event on 11 October 2001, Cluster was located at about the same distance from the X-axis in the GSM Y and Z directions (Fig. 11) . For this event the | B y | was 15 nT and the | B z | 8 nT. This suggests that the magnitude of the magnetospheric compression is different in the Y and Z directions. Figure 6 supports this same conclusion by demonstrating that the intermediate variance vectors for SI events are more aligned with the GSM Y -direction. Figure 12 shows the ratio of the final tail lobe magnetic field magnitude divided by the initial magnetic field magnitude (B 2 /B 0 ) as a function of the -parameter ( =1−R 2 /R). The blue solid line indicates the prediction according to the 2- D Collier et al. (1998) model, i.e. B 2 /B 0 =(1+ ). The red dashed line represents the case were the magnetosphere with a circular crosssection is symmetrically compressed, assuming the conservation of the magnetic flux:
Magnetic field increase
In the case of a small we obtain from Eq. (6) B 2 /B 0 ≈(1+2 ), that is shown by the red dash-dot line in Fig. 12 . Stars and circles indicate tail lobe SI events in this study. To estimate the -parameter we have calculated the tail radius before (R) and after (R 2 ) the compression using the Shue et al. (1998) model (black stars) and the Petrinec and Russell (1996) model (green circles). Both models depend on the IMF Z component and solar wind dynamic pressure. For southward IMF the Petrinec and Russell (1996) model produces less tail flaring than the Shue et al. (1998) model. We used 20-min averaged solar wind values upstream and downstream of the shock as input to the models. The diamonds show the two tail lobe SI events presented in Collier et al. (1998) (on 9 March 1995 and on 17 August 1995).
The Petrinec and Russell (1996) model gives a largerparameter than the Shue et al. (1998) model. Nearly all data points in Fig. 12 for which the Shue et al. (1998) model was used are above the 3-D model curve. When the Petrinec and Russell (1996) model is used data points fall between the 3-D model curve and the Collier et al. (1998) 
Being 2-D, the Collier et al. (1998) model naturally underestimates the increase in the magnetic field magnitude. However, the behavior of the magnetic field X component is very accurately described by the model using a standard least-squares fit of Eq. (4) to the data (see Collier et al. (1998) and the following section). If we multiply in Eq. (4) by a factor of two, the asymptotic magnetic field magnitude becomes (1+2 )×B 0 . This is the same as the asymptotic value in the 3-D compression expressed by Eq. (6) in the limit of small . If we assume that values of estimated using the Petrinec and Russell (1996) model (green dots) describe accurately the true magnetospheric compression, the data points in Fig. 12 fit best around the model curve for the 3-D compression in the limit of small . Thus, the Collier et 6), and in the case of small for 3-D compression (red dash-dot line). Data points show tail lobe SI events: Stars and circles show the events in this study where we have used the Shue et al. (1998) model and the Petrinec and Russell (1996) model, respectively, to approximate . Diamonds show two events presented in Collier et al. (1998). al. (1998) model, with the additional factor of 2 to mimic the behaviour of the 3-D model with cylindrical geometry appears to describe the data better than the original 2-D form, see Eqs. (4) and (5). Table 3 . Results from the fit of the magnetic field X-component to Eq. (7). θ is calculated from Eq. (11). B 0 is the initial asymptotic value of the magnetic field, B 1 the increase of the magnetic field, t 0 the midpoint of the rise, τ the characteristic time scale from the fit and τ i the initial guess according to Eq. (9) . A larger than predicted increase in the tail lobe magnetic field may result from flux loading into the tail lobes due to reconnection at the dayside magnetopause. Also, changes in the solar wind V y and V z components at the shock can deflect the magnetotail so that after the shock passage the spacecraft position relative to the tail axis may have changed, whereas the model assumes it has not.
Fitting procedure
The X-coordinate in Eqs. (4) and (5) can be replaced by v(t−t 0 ), assuming that the pressure discontinuity that causes the constriction moves down the tail with speed v; t 0 is the time at which the discontinuity passes the spacecraft location. In order to take into consideration possible deflection of the magnetotail and that in some of the events the compression was observed primarily in the B z component, the fitting was performed in a minimum variance coordinate system (Sonnerup and Cahill, 1967) . From Eqs. (4) and (5) we obtain the functional forms:
where B 1 =B 0 is the magnitude of the change in B * x . The characteristic time scale of the transition τ depends on the magnetotail width R and solar wind speed. The θ -parameter depends on the ratio of the Cluster Y component to the tail width R:
Free parameters in the model are B 0 , B 1 , t 0 , τ and θ . Initial values of B 0 , B 1 and t 0 for the fitting are estimated from the Cluster magnetic field data. Figure 13 shows examples of the changes in B x and B y for different values of θ and τ . Increasing τ and decreasing θ increases the transition time of B x between the asymptotic values. Small changes in τ have a larger affect on the B x profile than small changes in θ . Thus, we can justify using a fixed θ . Increasing τ makes the deflection in the Y component wider, but the peak value is not changed. Increasing θ widens the deflection in the Ycomponent, but also increases its peak magnitude, as shown in Fig. 13b . The θ parameter can be calculated from Eq. (8) at t=t 0 , and B 1 and B * y are determined from the Cluster data. Solving θ from Eq. (8) gives:
We performed a standard least-squares fit using Eq. (7) to the Cluster data using a fixed θ evaluated from Eq. (11). The results are shown in Table 3 . In the 6 November 2001 event (number 6) dramatic changes in the magnetic field components resulted from the magnetopause moving past Cluster. For the 25 October 2001 event, we did not perform the fit because the magnetic field behavior was too irregular due to Cluster's transition into the magnetospheric boundary layer. y , is not a fit but the profile described by Eq. (8) using the parameters determined by the fit to the maximum variance component in the upper panel. Table 4 . Timing considerations between WIND-Cluster (W-C) and Geotail-Cluster (G-C). The table shows the event number, time of the shock/pressure jump at Wind (T SW ) and at Geotail (T SG ), observed and calculated times of the tail lobe SI at Cluster (t obs W −C , t calc W −C , t obs G−C , t calc G−C ), the differences between the observed and calculated times ( t W −C , t G−C ) and the percentage difference between the calculated and observed times. in B * y matches the data because the θ parameter used in the fit for B * x was determined from the B * y data using Eq. (11). The width of the profile, which is determined by the B * x fitting, is well described by Eq. (8). We performed this analysis on all events shown in Table 3 and in every case, the fitted curves showed agreement with the data that was as good as that shown in Figs. (14) and (15).
Timing considerations
Event timing
We also performed a timing analysis between the shock/pressure increase (using 3-s magnetic field data) at Wind/Geotail and the SI event at Cluster. Figure 5 demonstrates that large compressions cause changes in the tail lobe magnetic field significantly before the actual pressure enhancement has reached the location of the spacecraft, as field Table 5 . Estimated propagation speeds of the disturbances using timing between Cluster spacecraft pairs. Columns are the event number, spacecraft pair used (S/C), separation of spacecraft in the X and Y directions, the propagation speed calculated using time delays between two Cluster satellites (V prog ), the propagation speed calculated using the correlation analysis (V corr ), the difference between the speeds obtained using the two methods (diff) and the propagation speed of a shock or pressure discontinuity (V S ). lines have to bend to fit into the constricted region (Collier et al., 1998) . Thus, the midpoint time of the SI transition (t 0 ) has been used instead of the start time. We approximated the shock as a plane moving with a uniform velocity in the direction of its normal. Events 2 and 9 were not associated with shocks, so we assumed that the pressure enhancement was propagating at the solar wind speed. For event 6, solar wind plasma data were not available from Wind (no ACE plasma data were available either) and Geotail was located inside the magnetosphere. Table 4 shows the results of the timing analysis. Time differences obtained from the Geotail-Cluster pair should be more reliable, as in general, Geotail was located closer to the Earth and had a smaller distance from the Sun-Earth line than WIND. For event 2, for which we could not determine the shock orientation, the differences between the calculated and observed values were large. Also, for the event 4 the difference was several minutes. In this case the duration of the tail lobe SI given in Table 2 may be too short by a few minutes, because Cluster moved from the lobe to the magnetospheric boundary layer before the magnetic field components had completed their full transitions. Otherwise, the differences between the calculated and observed times using the Geotail-Cluster pair are less than 30 s. This is consistent with the assumption that the midpoint of the compression should be observed at the spacecraft about the time when the pressure discontinuity moves past the spacecraft.
The disturbance propagation speed using time delays between Cluster spacecraft
The multi-spacecraft Cluster mission allows us to determine the propagation speed of the disturbance between the closelyspaced Cluster spacecraft. In Table 3 we summarize the results from the fitting of the C3 data. For each event we performed the fitting for all four Cluster spacecraft. We calculated the propagation speed of the disturbance between the spacecraft using the midpoint times of the tail lobe SIs and the separation of spacecraft in the X direction. Table 5 shows the calculated propagation speed of the disturbance between one satellite pair for each event. If the high resolution data was available, we used the satellite pair C1 and C4 because they had the largest separation in the X direction. For the 18 August 2002 event the fit was performed only for one spacecraft because, as mentioned earlier, the magnetic field behavior was rather irregular. The inferred speeds vary between ∼300 km/s −1 and 900 km/ and are not apparently correlated with the speed of the associated shock or solar wind speed. The reason for this may be non-radial propagation of the disturbance. In any case, they are clearly of the order of the solar wind speed rather than of the order of the Alfvén speed in the tail lobes (>1000 km/s −1 ), as in the scenario suggested by Sugiura et al. (1968) . The panel V corr in Table 5 gives the propagation speed of the disturbance estimated using the correlation calculation between the B x measurements from two Cluster spacecraft. The results are given for the same spacecraft pairs that were used in the previous section. We performed a time lagged cross-correlation between the GSM B x component of the magnetic field measured at two spacecraft pairs. The propagation speed of the disturbance from one spacecraft to the other is V corr =(X 1 −X 2 )/ T 12 , where T 12 is the lag time. For the 25 July 2002 and 26 August 2002 events the speeds obtained using the two methods are nearly the same, but for the other events differences exceed 100 km/s −1 .
Events with transition close to the magnetopause
During three tail lobe SI events (11 October 2001; 25 October 2001 and 6 November 2001) Cluster was located close to the tail boundary. For the first two events, Cluster observed the inward moving magnetopause, and the plasma and magnetic field signatures typical of the magnetospheric boundary layer. For the third event Cluster detected a magnetopause crossing. Figure 16 shows magnetic field and plasma data during the SI event on 25 October 2001. From top to bottom, the panels give magnetic field magnitude, magnetic field components in the GSM coordinate system, plasma density, velocity, plasma beta, and proton flux. At this time Cluster was lo- cated in the southern tail lobe at a GSM position of (−12.53, 13.4, −4.76 ) R E moving away from the plasma sheet. The proximity of the plasma sheet before the SI is inferred by the steady, but relatively weak magnetic field X component and a plasma beta close to unity. During the SI event B x decreased from −15 nT to −28.5 nT between 08:50:30 and 08:51:55 UT, after which the magnetic field changes were more irregular. At this time there was an increase in the proton density and the proton flux, suggesting the magnetospheric boundary layer plasma with energies below 1 keV. A tailward plasma flow was observed for about 20 min after the SI onset. Short time scale perturbations were observed in the V y and V z components. The directions of the perturbations in V y were negative and in V z positive, showing that the magnetopause was moving towards Cluster. Using 20-min averaged solar wind values after the shock, the Shue et al. (1998) model predicts a tail radius of 17.4 R E , and the Petrinec and Russell (1996) model predicts a somewhat more compressed tail with a radius of 15.4 R E . In the YZ plane Cluster was located at a radial distance of 14.2 R E from the origin. The solar wind V y had a value ∼−30 km/s −1 upstream of the shock that became slightly more negative downstream of the shock. This suggests that during the event the magnetotail was deflected so that Cluster was located even closer to the magnetopause boundary in the geocentric solar wind (GSW) system (where the X-axis is parallel to the solar wind flow) than in the GSM coordinate system. At the time of the 11 October 2001 SI event (Fig. 11 ) Cluster was located in the southern tail lobe at the GSM position of (−11.81, 9 .12, −9.33) R E . Like the previous event, the plasma and magnetic field data showed clear changes during this SI event. A tailward plasma flow lasting more than 1 h was observed starting at the time of the SI. The perturbations in V y (positive) and V z (negative) again demonstrate that the magnetopause was moving towards Cluster. Downstream of the shock, the Shue et al. (1998) model predicts a tail radius of 15.6 R E and the Petrinec and Russell (1996) model predicts a tail radius of 14.4 R E . In the YZ-plane Cluster was located at a radial distance of 13.1 R E from the origin. The solar wind V y had a value of -45 km/s −1 upstream of the shock that decreased to −65 km/s −1 after the shock, suggesting that Cluster was close to the magnetopause in GSW coordinates. This event has been analyzed in detail by Kim et al. (2004) .
During the 6 November 2001 event, Cluster was located 15.1 R E from the origin in the YZ-plane. We could not approximate the tail radius because the plasma data were not available. Anyhow, the compression may have been very large, as at the shock the magnetic field magnitude increased by almost 50 nT. Before the compression Cluster was located in the northern tail lobe close to the plasma sheet. Compared to the other events the transition was extremely rapid, lasting only about 4 s. It seems likely that the magnetopause was compressed beyond the Cluster location and thus, after the transition Cluster was in the magnetosheath. Figure 17 presents Cluster FGM measurements during this event. Note that the plot covers only a 1-min time interval (01:54:00-01:55:00 UT). From B z it is seen that C2 observed the transition first, then C3 and finally C1. The C4 high resolution data are not available for this event. Figure 18 displays the locations of Cluster spacecraft C1, C2 and C4 from the reference spacecraft C3. At the time of the transition C2 and C3 were located closest to the Earth so that C3 was only 0.01 R E (∼64 km) ahead of C2. However, C2 observed the transition 2.8 s earlier than C3. The separation between C2 and C3 in the GSM Y directions was ∼0.20 R E so that the observed time delay between the magnetopause crossings is probably due to the fact that C2 was located closer to the flanks of the magnetopause than C3. Using the difference in the GSM Y positions and the time delay between C2 and C3 we obtained the speed 501 km/s −1 . C1 and C3 were nearly aligned in the GSM X direction with a separation of 0.19 R E . The observed time delay was 1.96 s, which gives a propagation speed of 618 km/s −1 . The propagation speed obtained using the spacecraft separation in the GSM Y direction is smaller than the speed obtained using the separation in the GSM X direction. The observations imply that the pressure enhancement did not cause a step-like compression, but rather a deformation in the magnetopause that was tilted and propagating downtail (see Fig. 11 of Kim et al. (2004) as an illustration of the situation). The tilt is probably correlated with the orientation of the shock, but unfortunately for this event we lacked upstream solar wind observations.
Discussion and summary
We have investigated 10 tail lobe sudden impulse events observed by Cluster during the July-November periods in 2001 and 2002. This is the first statistical study of tail lobe SIs using multispacecraft observations in the lobe, combined with the good knowledge of upstream solar wind conditions. All events in this study were related to strong interplanetary shocks or substantial sudden increases in solar wind dynamic pressure.
Magnetic field signatures of the tail lobe SIs are well described by assuming that a solar wind pressure enhancement squeezes the tail axisymmetrically while moving antisunward. The magnetic field increase is primarily due to increasing (north lobe) or decreasing (south lobe) B x while B y and/or B z exhibit smaller deflections. The amplitudes of the B y deflections were generally larger than the amplitudes of the B z deflections, indicating that the compression of the magnetotail is not symmetric. Perhaps this is because of the differences in the pressure balance between the tail lobe and the solar wind in Y and Z directions. During the SI events the magnetic field vector rotates smoothly in one plane (the plane of maximum variance). The maximum variance direction tends to be parallel to the magnetotail axis which may be deflected from the aberrated GSM X-direction by the solar wind flow. The durations of the observed tail lobe SIs varied from 3 to 10 min. This is consistent with the durations of 43 tail lobe SIs reported in Kawano et al. (1992) in the IMP 8 observations (i.e. 3 to 26 min with the median of 7 min). The magnitudes of the Cluster tail lobe SIs ranged between 5.5-27.5 nT which for all expect one event represents ∼45-90% of the initial field magnitude. The SI magnitude is roughly correlated with the increase in solar wind dynamic pressure across the shock. For the observed events the change in the magnetopause shape was not self-similar. Rather, the tail flaring decreased during the compression.
The 2-D Cartesian model by Collier et al. (1998) underestimates the increase in the magnetic field magnitude. When the Petrinec and Russell (1996) model was used to approximate the decrease in the tail radius, the magnetic field increase was best described by the 3-D compression in the limit of small . The final asymptotic magnetic field magnitude in the Collier et al. (1998) model is (1+ )B 0 while the 3-D compression for the small gives (1+2 )B 0 . However when standard least-squares fitting is performed to the data, these two cases yield the same profile. We performed the fitting in the minimum variance coordinate system to take into account the possible magnetotail deflections, as well as the position of Cluster relative to the tail axis. The model describes the behavior of the maximum variance component very well.
The propagation speeds of the SI disturbances obtained using the time delays and the time lagged cross-correlation between the B x profiles between two Cluster spacecraft were of the order of the solar wind speed rather than the Alfvén speed in the tail lobes (>1000 km/s −1 ). Also, the differences between the calculated and observed times between the solar wind shock at the location of WIND/Geotail and the midpoint time of the SI transition at Cluster were small. Thus, it seems that the SI disturbance propagates at a much slower speed than a MHD wave in the tail lobe.
During two of the SI events Cluster became immersed in the magnetospheric boundary layer plasma. The short-time (∼5 min) perturbations in V y and V z indicated the inward movement of the magnetopause. For one event (6 November 2001) Cluster observed a magnetopause crossing. Unfortunately, for this event solar wind plasma data were not available. These events illustrate that the magnetopause is indeed compressed inward at the time that the solar wind pressure enhancement arrives at the location of the spacecraft.
The results of this study are consistent with the tail compression model suggested by Kawano et al. (1992) and by Collier et al. (1998) , where the tail lobe SIs are due to the increase in solar wind pressure outside the tail boundary. The magnetotail is assumed to maintain a constant equilibrium while the pressure discontinuity moves downtail. Alternatively, Sugiura et al. (1968) have suggested that tail lobe SIs are due to the magnetic flux carried from the dayside to the tail by a MHD wave resulting from a sudden solar wind pressure increase on the front of the magnetosphere. This idea was based on the time lag between the multispacecraft observations of the solar wind shock and the start of the SI event in the tail lobe on 8 July 1966. However, as discussed here and by Collier et al. (1998) , the midpoint time of the SI should be used instead of the start time because of the bending of the field lines ahead of the compression. The magnetopause moves inward behind the pressure discontinuity, launching a compressive wave that propagates faster in the magnetosphere than the pressure discontinuity in the magnetosheath (Fairfield, 2003) . As a result, the magnetopause expands outward that is observed by small perturbations in the components of velocity and magnetic field before the start of the main SI event (Kim et al., 2004) .
The first sign of the SI in the tail lobes may be transmitted as MHD waves, but the results of this study strongly suggest that the dominant cause of the magnetic field changes during tail lobe SIs is the lateral solar wind pressure enhancement. Tail lobe SIs are important because they cause sudden and substantial increases in the tail lobe magnetic field. Although not studied here, the increase in the lobe field must also compress the plasma sheet and may also affect dynamics in that region. Large tail lobe SI events can occur during both southward and northward IMF, but under southward IMF conditions, they are particularly likely to influence tail dynamics. For example, to explain the widening of the auroral oval and the decrease in the polar cap size during solar wind pressure pulses, Boudouridis et al. (2003) suggested that the compression of the magnetotail can significantly increase nightside reconnection. The response of the near-Earth plasma sheet during tail lobe SIs will be the subject of future work.
